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ABSTRACT: The interplay between stem cells and their
extracellular microenvironment is of critical importance to the
stem cell-based therapeutics in regenerative medicine.
Mineralized collagen is the main component of bone
extracellular matrix, but the eﬀect of interfacial properties of
mineralized collagen on subsequent cellular behaviors is
unclear. This study examined the role of surface chemistry of
nanoscale mineralized collagen on human periodontal
ligament stem cell (hPDLSC) fate decisions. The intraﬁbrillarly mineralized collagen (IMC), fabricated by a biomimetic bottom-up approach, showed a bonelike hierarchy with
nanohydroxyapatites (HAs) periodically embedded within ﬁbrils. The infrared spectrum of the IMC showed the presence of
phosphate, carbonate, amide I and II bands; and infrared mapping displayed uniform and higher spatial distribution of
mineralization in the IMC. However, the distribution of the phosphate group diﬀered far from that of the amide I group in the
extraﬁbrillarly mineralized collagen (EMC), in which ﬂowerlike HA clusters randomly depositing around the surface of the ﬁbrils.
Moreover, a large quantity of extraﬁbrillar HAs covered up the CO stretch and N−H in-plane bend, resulting in substantial
reduction of amide I and II bands. Cell experiments demonstrated that the hPDLSCs seeded on the IMC exhibited a highly
branched, osteoblast-like polygonal shape with extended pseudopodia and thick stress ﬁber formation; while cells on the EMC
displayed a spindle shape with less branch points and thin actin ﬁbril formation. Furthermore, the biocompatibility of EMC was
much lower than that of IMC. Interestingly, even without osteogenic induction, mRNA levels of major osteogenic diﬀerentiation
genes were highly expressed in the IMC during cultivation time. These data suggest that the IMC with a similar nanotopography
and surface chemistry to natural mineralized collagen directs hPDLSCs toward osteoblast diﬀerentiation, providing a promising
scaﬀold in bone tissue regeneration.
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1. INTRODUCTION
Bone tissue engineering has developed very fast in the past
three decades in order to cope with the donor site morbidity
and limited availability of autologous bone graft.1 Tissueengineering strategies, involving the utilization of stem cells
with regenerative capacity and their delivery to the injured sites
using biomaterial scaﬀolds, have been proposed as promising
approaches to regenerate lost bone.2,3 Biomimetic bone graft
substitutes are desirable for replacing autologous grafts but
diﬃcult for many researchers due to the complexity of bone
tissue.4,5
It is well-known that both nanotopography and chemical
composition of biomaterial could regulate the stem cell fate.6,7
Bone extracellular matrix (ECM) is mainly composed of type I
collagenous ﬁbrils with carbonated hydroxyapatite (HA)
nanocrystallites embedded in the gap regions to form
intraﬁbrillar mineralization.4,5 Mimicking the natural ECM
has thus been considered a promising approach in the design of
artiﬁcial scaﬀolds for bone regeneration, which favors cellular
© 2016 American Chemical Society

interactions to the ECM in the initial cell adhesion,
morphology, proliferation and further osteogenic diﬀerentiation
and mineralization.8 It is well-known that type I collagen has
good biocompatibility and resorbability, and high aﬃnity to
cells.9−11 However, the mechanical strength of pure collagen
scaﬀold is too low to bear enough stress and maintain a stable
microenvironment for stem cell to regenerate. Thus, mineralization of type I collagen is proposed to improve the physical
property. Many research groups have attempted to develop
bonelike collagen/HA composites. Nevertheless, the earlier
research mainly report on the deposition of HA crystallites
around collagen ﬁbrils (i.e., extraﬁbrillar mineralization) and
have only reproduced similar chemical composition rather than
nanostructure and surface chemistry of bone ECM.12,13 As
intraﬁbrillar mineralization has been proven to be a dominant
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Table 1. Primer Sequence Used in qRT-PCR
gene

forward primer (5′-3′)

reverse primer (5′-3′)

GAPDH
OPN
COL1A1
BMP-2

GGAGCGAGATCCCTCCAAAAT
GAAGTTTCGCAGACCTGACAT
GTGCGATGACGTGATCTGTGA
ACTACCAGAAACGAGTGGGAA

GGCTGTTGTCATACTTCTCATGG
GTATGCACCATTCAACTCCTCG
CGGTGGTTTCTTGGTCGGT
GCATCTGTTCTCGGAAAACCT

contributor to the biomechanics of natural bone,14−16 synthesis
of mineralized collagen with intraﬁbrillar HAs is considered as a
key factor for mimicking bone ECM and therefore an ideal
candidate of bone tissue engineering scaﬀolds.
Mesenchymal stem cells (MSCs) are widely used in bone
tissue engineering, because they can diﬀerentiate into multiple
lineages, depending on the nature of the environmental signals
they receive. Among the dental-derived stem cells, periodontal
ligament stem cells (PDLSCs) are of particular interest because
they can be eﬃciently harvested and obtained from discarded
biological samples in dental clinics. Furthermore, PDLSCs
possess characteristics of putative MSCs and can diﬀerentiate
into multiple lineages.17−19 Cytotherapies using PDLSCs have
been proved eﬀective to regenerate periodontal tissues in large
animal models.20,21 Additionally, PDLSCs have shown greater
capacity for alveolar bone22 and tendon23 regeneration than
bone marrow MSCs, which are most popular and typical stem
cells in bone regeneration. Thus, PDLSCs were attractive
candidates in bone tissue engineering, especially for alveolar
bone regeneration.
The eﬀective utilization of stem cells in bone regeneration
critically depends on our understanding of the intricate
interactions between scaﬀolds and stem cells. The aim of this
study was to develop a promising interfacial microenvironment
for PDLSCs-based bone regeneration. Mineralized collagen
scaﬀolds with diﬀerent surface chemistry were fabricated and
the in vitro cell responses of PDLSCs to the collagen scaﬀolds
including adhesion, cytoskeletal organization, cell morphology,
growth, and osteogenic diﬀerentiation were evaluated.

2.4. X-ray Diﬀraction (XRD). XRD was performed to characterize
the structure of crystals in diﬀerent scaﬀolds using D8 Advance
(Bruker, Germany) at 45 kV and 40 mA. To get ﬁne powders, all the
samples were thoroughly rinsed with deionized water, critical-point
dried, and pulverized in liquid nitrogen. JADE8 software was used to
analyze the XRD patterns.
2.5. Fourier Transform Infrared Microspectroscopy (microFTIR). LUMOS stand-alone micro-FTIR from Bruker was employed
to measure the spatial distribution of diﬀerent chemical groups in the
mineralized collagen. For each sample, interferograms were simultaneously collected from each element of the 64 points (8 × 8 lattice) at
a resolution of 1 cm−1 using 32 s per point. The imaged sample size
was 100 μm × 100 μm. To obtain the spatial distribution of mineral
(through integration of the phosphate v1, v3) and collagen matrix
(through integration of the amide I group), the results were plotted as
color-coded mapping images. Furthermore, mineral-to-matrix (phosphate/amide I) ratios from 15 infrared spectra were calculated to
assess the mineralization level of the collagen scaﬀolds.27
2.6. Cell Isolation and Identiﬁcation. Human periodontal
ligament stem cells (hPDLSCs) were isolated from periodontal
ligament tissue of extracted bicuspids from orthodontic patients and
cultured with the complete medium (alpha modiﬁcation of Eagle’s
medium/10% fetal calf serum/100 U/mL penicillin/100 μg/mL
streptomycin) in a humidiﬁed atmosphere of 5% CO2 at 37 °C. The
protocol to acquire human tissues was approved by the Ethical
Guidelines of Peking University (PKUSSIRB-201311103). To observe
the multipotent diﬀerentiation ability of hPDLSCs, osteogenicity by
alizarin red S staining and adipogenicity by oil red O staining were
identiﬁed. The speciﬁc surface antigens of hPDLSCs such as STRO-1,
CD146, and CD4417 were identiﬁed using an Accuri C6 ﬂow
cytometer (BD Biosciences) (Figure S1).
For the following studies, cells at passage 4 were seeded on diﬀerent
scaﬀolds at a density of 2 × 105 cells per well. The scaﬀolds were
collected on polylysine-coated coverslips of 25 mm diameter and
placed in a 6-well nontreated polystyrene plate with a stainless steel
ring to prevent swelling. Before cell seeding, the scaﬀolds were
sterilized under ultraviolet light for 2 h.
2.7. Cell Proliferation Assay. The number of living cells seeded
on diﬀerent scaﬀolds was estimated using CCK-8 assay (SigmaAldrich). The samples, at desired time points (3 and 7 days), were
incubated in CCK-8 solution at 37 °C for 2 h. The absorbance was
read at 450 nm using a microplate reader (Bio-Rad, Japan). Cell
number was positively correlated to the OD value. Each group had six
replicates.
2.8. Immunoﬂuorescence Staining. After being cultured for 1 d,
hPDLSCs were doubled-stained with Alexa Fluor 488 Phalloidin (Factin, green) and antivinculin antibody (red). After washing thrice, the
cells were mounted with mounting media containing DAPI (blue) for
nuclei staining and viewed by a Zeiss laser scanning confocal
microscope LSM 710. For each group, 15 cells (three specimens ×
ﬁve cells) were imaged and analyzed. ImageJ was used to measure cell
area. The number of branch points was calculated by counting the
number of projections from the cell body with a length greater than 5
μm.28
2.9. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). Cells seeded on diﬀerent scaﬀolds were cultured in the
complete medium until desired time points (7 and 14 days).
Polylysine-coated coverslips without ﬁbrillized collagen were placed
in 6-well plates and served as negative controls. Quantitative RT-PCR
was applied to examine the expression of osteogenic diﬀerentiation
gene makers including osteopotin (OPN), alpha-1 type I collagen

2. MATERIALS AND METHODS
2.1. Preparation of Mineralized Collagen. To reconstitute
collagen matrix, 1 mL of type I tropocollagen solution (3.84 mg/mL,
Mw 115−235 kDa, Corning) was mixed with 1 mL of 0.1 M acetic acid
and 2 mL of a buﬀer containing 200 mM KCl, 30 mM Na2HPO4, and
10 mM KH2PO4 at pH 7.24 Five hundred microliters of the mixture
solution was dripped onto a polylysine-coated coverslip of 25 mm
diameter and left to gel by incubation at 30 °C for 2−3 days. The
ﬁbrillized collagen was cross-linked with 0.3 M 1-ethyl-3(3(dimethylamino)propyl)-carbodiimide and 0.06 M N-hydroxysuccinimide at room temperature, and phosphorylated by 2.5 wt % sodium
tripolyphosphate.25,26 For the preparation of intraﬁbrillarly mineralized
collagen (IMC), the phosphorylated collagen was mineralized for 5
days at 37 °C by a biomimetic bottom-up mineralization approach, in
which the mineralization solution was composed of 136.8 mM NaCl,
4.2 mM NaHCO3, 3.0 mM KCl, 1.0 mM K2HPO4·3H2O, 1.5 mM
MgCl2·6H2O, 2.5 mM CaCl2, 0.5 mM Na2SO4, 3.08 mM Na3N, 1 g/
15 mL Portland cement (Lehigh Cement Co.) and 0.28 mM
poly(acrylic acid) (PAA, Mw 1800, Sigma-Aldrich).25,26 In the absence
of PAA, extraﬁbrillarly mineralized collagen (EMC) was obtained.
2.2. Scanning Electron Microscopy (SEM). Cell-seeded samples
were previously ﬁxed by 2.5% glutaraldehyde. All the samples were
dehydrated, critical-point dried, and observed under SEM at 15 kV
(Hitachi S-4800, Japan).
2.3. Transmission Electron Microscopy (TEM). TEM was
carried out using a JEM-2100F at 120 kV. The samples were deposited
on Formvar carbon-coated nickel grids.
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(COL1A1) and bone morphogenetic protein-2 (BMP-2). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the
housekeeping gene. Total RNA was extracted by Trizol reagent and
synthesis of cDNA was performed using SuperScript III One-Step RTPCR System with Platinum Taq High Fidelity (Invitrogen).
Quantitative RT-PCR was performed on a 7900HT Fast Real Time
PCR machine (Applied Biosystems) using SYBR Green (Invitrogen
Life Technologies). The primers designed by primer premier 5.0
software and commercially synthesized were shown in Table 1.
2.10. Alizarin Red S (ARS) Staining. The amount of ECM
secreted by seeded hPDLSCs was analyzed by ARS staining. After
cultured in the osteogenic medium (complete medium supplemented
with 10−7 M dexamethasone, 10 mM β-glycerophosphate and 0.05
mM ascorbic acid 2-phosphates) for 21 days, the cells were ﬁxed using
2% paraformaldehyde for 30 min at room temperature. Half of the
samples (N = 6) were stained with 2% alizarin red solution for 20 min
at room temperature, and the other half were prepared for SEM
examination to observe calcium nodules formed by hPDLSCs. The
scaﬀolds without seeded cells served as controls. After washed for
several times with deionized water, the samples were visualized under a
light microscope. Then the ARS staining was released from the cell
matrix by incubation in 10% cetylpyridinium chloride (Sigma-Aldrich)
for 15 min with shaking and the amount of dye released was quantiﬁed
by spectrophotometer at 562 nm.
2.11. Statistical Analysis. Values were averaged and expressed as
mean ± standard deviation. Statistical analysis was performed by oneway ANOVA with Tukey’s multiple comparisons test using the SPSS
13.0 program. The diﬀerences were considered statistically signiﬁcant
at α = 0.05.

3. RESULTS
3.1. Characterization of Mineralized Collagen. The
typical micro- and nanostructure of the mineralized collagen
was observed by SEM and TEM respectively, as shown in
Figure 1. The IMC exhibited a pronounced ﬁbrous (193.1 nm
±22.6 nm) and rough texture with faint cross-banding patterns
(Figure 1a), whereas ﬂowerlike HA clusters (ca. 1−4 μm)
randomly deposited around the surface of the ﬁbrils (107.7 nm
± 22.4 nm) in the EMC (Figure 1c). The presence of an
intraﬁbrillar HA mineral phase (Ca/P = 1.46) in the IMC was
conﬁrmed using energy-dispersive X-ray spectroscopy (EDS)
coupled to SEM (Figure S2a). The mineral HA inside the
subﬁbril clusters expanded the width of the ﬁbrils in the IMC
compared with pure collagen (COL) (Figure 1e). This
observation was further conﬁrmed by TEM, in which
nanoﬁbers in the IMC appeared as arrays of electron-dense
strands (Figure 1b) according to 67 nm D-period. The TEM
analysis veriﬁed a high degree of intraﬁbrillar mineral in the
IMC. Selected area electron diﬀraction (SAED) coupled to
TEM was applied to evaluate the mineral phase in the IMC.
The SAED pattern showed the crystal planes of nano-HAs as
broad arcs for the (002) plane and overlapping arcs for the
(112) and (300) planes forming a ring shape. The orientation
of the nano-HA (002) reﬂection was parallel to the c-axis of the
collagen ﬁbril, matching that of the intraﬁbrillar mineral in
bone. In the EMC, the ﬁbril showed low electron density, with
electron-dense HAs depositing around the ﬁbrillar surface
(Figure 1d). This observation was consistent with the EDS
result, in which the Ca/P molar ratio in the ﬁbril area was 0.4
but 1.98 in the HA area of the EMC (Figure S2b, c). The
stained COL showed 67 nm D-period, similar to native
collagen (Figure 1f). XRD conﬁrmed the formation of HA
crystals in the mineralized collagen (Figure S3). The characteristic peaks of HA, from the (002), (211), (112), and (300)
planes, were observed in the EMC and IMC specimens.

Figure 1. Mineralized collagen ﬁbrils observed by (a, c, e) SEM and
(b, d, f) TEM. (a) IMC. Periodic cross-banding patterns could vaguely
be observed. Red arrow: brittle fracture. (b) Unstained TEM image of
IMC, showing nanoﬁbers with obvious banding patterns. SAED
(inset) of the intraﬁbrillar nanocrystals indicated distinct arc-shaped
patterns characteristic of carbonated HAs. Red arrow: extraﬁbrillar
minerals. (c) EMC. Red arrow: ﬂowerlike, spherulitic aggregates. (d)
Unstained TEM image of EMC. Red arrow: extraﬁbrillar HAs with
high electron density. (e) COL. (f) Stained TEM image of COL,
showing 67 nm D-period.

Micro-FTIR was applied to map the chemical composition
and spatial distribution of calciﬁcation at micron scale of the
mineralized collagen (Figure 2). All spectra displayed typical
peaks of collagen: the peak between 1585 and 1720 cm−1 was
attributed to the CO stretching vibration (amide I).
Absorbance band for amide II (1500−1585 cm−1), arising
from angular deformation of NH bond, was observed in the
IMC and COL. Compared with the IMC and COL, the
intensity of amide I and amide II bands in the EMC scaﬀold
decreased quite markedly to the extent that the amide II peak
nearly disappeared. Typical vibration bands of phosphate
(900−1200 cm−1), indicating mineral particles, were identiﬁed
in both the IMC and EMC scaﬀolds. Furthermore, the
vibration band (855−890 cm−1) of carbonate apatite was also
observed in the IMC, resulting in a similar mineral phase to
natural bone (Figure 2a). The broad peak between 3000 and
3400 cm−1 (OH band) identiﬁed in the IMC and COL was
related to the absorption of water in the scaﬀolds.
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Figure 2. Micro-FTIR spectra and mapping of (a−c) IMC, (d−f) EMC, and (g−i) COL. The color scale indicates the spectral intensity.

Figure 3. Cell proliferation of hPDLSCs seeded on diﬀerent scaﬀolds: (a) CCK-8 assay, (b−g) SEM images of cells seeded on the (b, e) IMC, (c, f)
EMC, and (d, g) COL scaﬀolds on day 3 and day 7. *: α < 0.05 versus IMC, #: α < 0.05 versus EMC.
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Figure 4. hPDLSC morphology after one-day seeded on diﬀerent scaﬀolds tested by (a−c) SEM and (d−f) LSM. (a, d) IMC, (b, e) EMC, (c, f)
COL. For the ﬂuorescent microscopic images d−f, triple labeling includes Alexa Fluor 488 Phalloidin (green), antivinculin (red) and DAPI (blue).
(g) Cell area, (h) number of branch points, and (i) mean ﬂuorescence intensity of vinculin of hPDLSCs seeded on diﬀerent scaﬀolds were quantiﬁed
(N = 15). *: α < 0.05 versus IMC, #: α < 0.05 versus EMC.

Figure 5. Quantitative RT-PCR measurement of the expression levels of osteogenic diﬀerentiation markers: (a) OPN, (b) COL1A1, (c) BMP-2. *:
α < 0.05 versus IMC, #: α < 0.05 versus EMC, $: α < 0.05 versus COL.

Scanning images and mapping analysis of the mineralized
collagen not only visually conﬁrmed the presence of phosphate
within the mineralized collagen but also oﬀered an insight into
the mineralization degree and type. The spatial distribution of
phosphate and amide I groups was consistent in the IMC
(Figure 2b, c), which may suggest the minerals were embedded
in the ﬁbrils. However, the distribution of phosphate group
diﬀered far from that of amide I group in the EMC (Figure 2e,
f), demonstrating that the minerals did not deposited within the
ﬁbrils and had little chemical connection with collagen ﬁbrils.
These results were consistent with the TEM observations.
Moreover, the mineral-to-matrix ratio of IMC (4.3 ± 0.4) was
much higher than that of the EMC (1.9 ± 0.3) (Figure S4),
indicating a higher mineralization level of the IMC.
3.2. Cell Viability. The isolated hPDLSCs showed
multipotent diﬀerentiation ability (Figure S1). To investigate
the cytocompatibility of scaﬀold materials, cell attachment and
growth rate was measured for hPDLSCs seeded on diﬀerent
scaﬀolds by CCK-8 and SEM (Figure 3). The CCK-8 assay
showed the cell number on diﬀerent scaﬀolds increased
signiﬁcantly with the cultivation time (Figure 3a). After 3

days of culture, cell viability was the highest in the IMC group
among three groups. However, cells seeded on the IMC
scaﬀold were as many as those on the COL scaﬀold on day 7.
This may indicate that the cells reached conﬂuence and begin
to diﬀerentiate along an osteogenic lineage, as shown by SEM
(Figure 3e, g). Cell viability on the EMC scaﬀold was the
lowest among three groups, indicating that the biocompatibility
of this scaﬀold was much lower than that of IMC and COL.
These results were consistent with the SEM observations
(Figure 3b−g).
3.3. Cell Morphology and Adhesion. The morphology of
hPDLSCs seeded on diﬀerent scaﬀolds was examined by SEM
(Figure 4a−c) and LSM (Figure 4d−f). After cell seeding for
24 h, hPDLSCs adhered and spread well over all the collagen
scaﬀolds (Figure 4a−c). The cells seeded on the IMC scaﬀolds
exhibited an osteoblast-like polygonal shape with extended
pseudopodia, while the cells on the EMC scaﬀold displayed a
spindle shape. This observation was further conﬁrmed by
immunoﬂuorescence, where hPDLSCs were double immunostained for F-actin to label the cytoskeletal arrangement and
vinculin to label focal adhesion points (FAPs). Among three
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Figure 6. ARS staining and SEM of hPDLSCs seeded on diﬀerent scaﬀolds for 21 days: (a) ARS staining, (b) semiquantiﬁcation of a. (c−e) SEM.
Scaﬀolds without cells served as controls. SEM showed that the hPDLSCs seeded on the IMC secreted more mineralized particles (yellow arrows)
than those on the EMC and COL. *: α < 0.05 versus IMC, #: α < 0.05 versus EMC.

scaﬀolds, concentrated intertwined stress ﬁbers (arrows) could
only be formed at the cellular periphery of hPDLSCs seeded on
the IMC scaﬀold. In addition, immunostaining of vinculin was
detected in the hPDLSCs seeded on the IMC and EMC
scaﬀolds but could be barely detected on the COL scaﬀold
(Figure 4d−f). From the quantitative data, hPDLSCs seeded on
the IMC scaﬀold had more cell area and branch points than
those on the EMC scaﬀold (Figure 4g, h). More importantly,
the highest density of FAPs was observed on the surface of the
IMC scaﬀold among the three groups (Figure 4i).
3.4. Osteogenic Diﬀerentiation. To evaluate the eﬀects
of diﬀerent scaﬀolds on hPDLSC diﬀerentiation, we evaluated
the expression levels of osteogenic markers (Figure 5) and in
vitro calciﬁcation (Figure 6). Quantitative RT-PCR showed
that mRNA levels of OPN, COL1A1, and BMP-2 in hPDLSCs
from the IMC group were up-regulated more than twice
compared with the control group during the cultivation time.
Cells grown on the EMC scaﬀold expressed more than twice as
much OPN while COL1A1 and BMP-2 were down-regulated
compared with the control group on day 7. An opposite
tendency was observed on day 14. Higher expression of
COL1A1 and BMP-2 was detected in the EMC group, whereas
the mRNA level of OPN was not signiﬁcantly aﬀected by the
EMC scaﬀold with respect to the control group. Among four
groups, hPDLSCs seeded on the IMC scaﬀold exhibited the
highest expression levels of those genes during the cultivation
time, indicating that the IMC scaﬀold showed the biggest
potential to induce osteogenic diﬀerentiation of hPDLSCs.
The mineralization of ECM on diﬀerent scaﬀolds was
illustrated by ARS staining, in which calcium deposits produced
by hPDLSCs were stained with orange-red spots. The scaﬀolds
without seeded hPDLSCs served as controls in order to exclude
the interference of intra- and extra-ﬁbrillar minerals in the
scaﬀolds (Figure 6a). Compared with the COL and EMC
scaﬀolds, the IMC scaﬀold promoted calcium deposition in
hPDLSCs after 21 days of culture in the osteogenic medium by
ARS staining (Figure 6a, b). Meanwhile, SEM showed that the

hPDLSCs seeded on the IMC secreted more mineralized
particles (Figure 6c, yellow arrow) than those on the EMC and
COL (Figure 6d, e, yellow arrow).

4. DISCUSSION
In this study, two types of mineralized collagen were fabricated
and exhibited diﬀerent surface topography and chemistry. The
IMC showed a pronounced ﬁbrous topography with no
evidence of surface deposits of mineral clusters, as seen in
the EMC. This may be attributed to the important role of PAA
as a mimic of noncollagenous proteins in stabilizing the
crystallizing solution and producing liquid like amorphous
calcium phosphate nanoclusters.25,26 The phosphorylated
collagen ﬁbrils template the hierarchical deposition of
amorphous nanoculsters in the gap regions, followed by HA
crystallization to form a periodic arrangement of mineral,25,26
which closely resembles the fundamental nanostructure of
natural bone.4,5 In the absence of an anionic polymer, collagen
mineralization involves heterogeneous HA nucleation on the
surface of the collagen ﬁbrils, which is drastically diﬀerent from
the bone structure.
The recently developed micro-FTIR, which oﬀers a unique
insight at the molecular scale to monitor the structural changes
of biosamples,29 was applied to determine the microstructural
details on chemical composition and spatial distribution of
calciﬁcation of the scaﬀolds. The infrared spectrum of the IMC
showed the presence of phosphate, carbonate (from carbonate
substitution for hydroxyl and phosphate groups in HA), amide I
and II bands, which is quite similar to that of natural bone.30
Compared with the COL, the intensity of amide I and II bands
in the IMC only decreased a little, whereas that in the EMC
reduced substantially (Figure 2). This may be because a large
quantity of HAs deposited around the collagen ﬁbril surface
and covered up the CO stretch (amide I) and N−H in-plane
bend (amide II). Previous study has demonstrated that calcium
phosphate crystals could block the one-dimensional vibration
CO stretch and the two-dimensional vibration N−H in-plane
15963

DOI: 10.1021/acsami.6b04951
ACS Appl. Mater. Interfaces 2016, 8, 15958−15966

Research Article

ACS Applied Materials & Interfaces
bend during collagen mineralization.31 Besides, the peak
intensity of OH band in the EMC was much lower than that
in the IMC and COL, indicating that the calcium ions may
chelate with hydroxyl group at the surface of collagen ﬁbrils and
then grow into microscale particles.
It has been proven that collagen/HA matrix could direct
MSCs into osteogenic diﬀerentiation.32,33 The diﬀerent
chemical combination patterns between HAs and collagen in
the IMC and EMC have already aﬀected the nanostructure and
surface chemistry of scaﬀolds. Whether this diﬀerence could
inﬂuence stem cell fate was further tested. We have proven that
the IMC could promote the proliferation of hPDLSCs
compared with the EMC and pure COL as illustrated by
CCK-8 and SEM results. The shape, size and crystallinity of HA
particles could aﬀect the cell activity and proliferative ability
and induce inﬂammation.34−36 Microscale HA with high
crystallinity has higher cytotoxity. The EMC had microscale
HA particles deposited on the surface of collagen ﬁbrils, which
may have slight cytotoxity and result in the smallest cell number
even after hPDLSCs cultured on the EMC for 7 days.
Therefore, the biocompatibility of IMC was much better than
EMC and similar to pure COL, which is commonly recognized
as a biocompatible biomaterial.
The diﬀerent interfacial properties of the ECM including
surface nanotopography and chemistry could cause a signiﬁcant
diﬀerence in the cell adhesion and morphology.37−40 The cells
seeded on the IMC exhibited a highly branched, osteoblast-like
polygonal shape with extended pseudopodia and thick stress
ﬁber formation; whereas those on the EMC scaﬀold displayed a
spindle shape with less branch points and thin actin ﬁbril
formation. Flat cells (lack of 3D organization) with least branch
points were found in the COL. The above diﬀerences in cell
morphology might be attributed to cytoskeleton rearrangement. This assumption was conﬁrmed by immunoﬂuorescence,
where hPDLSCs were immunostained for F-actin. Among three
scaﬀolds, concentrated intertwined stress ﬁbers could only be
formed at the cellular periphery of hPDLSCs seeded on the
IMC. Previous studies have demonstrated that thick actin stress
ﬁbers could facilitate intracellular signal transduction and then
osteogenic diﬀerentiation of MSCs.41,42 Thus, it is possible that
hPDLSCs seeded on IMC would be more like to diﬀerentiate
into osteoblasts.
It is signals coming from extracellular microenvironment that
could induce the morphological and cytoskeletal changes in
cells seeded on scaﬀolds. The connection between ECM and
cell is established on FAPs, which are large macromolecular
assemblies. To see whether there are diﬀerences in FAPs
expression among hPDLSCs seed on diﬀerent scaﬀolds,
immunostaining of vinculin, an intracellular part of FAPs, was
detected. The addition of inorganic components into ECM
could enhance the vinculin expression, compared to pure
collagen.32 In the present study, the vinculin staining was more
abundant in the IMC and EMC than that in the COL. It is
α2β1 integrin, a transmembrane protein of FAPs, through
which cell binds to type I collagen. Metal ions and glutamate
from type I collagen play a critical role in ligand binding for
α2β1 integrin.43 The FTIR results revealed that the amide I
band was exposed in larger quantity at the surface of IMC than
that of EMC. This may facilitate the direct bond between metal
ions and carboxylate oxygens from collagen glutamate
(represented by amide I) and further activate α2β1 integrin
to promote the vinculin expression of hPDLSCs (Figure 7).
Taken together, the quantitative data showed that the highest

Figure 7. Scheme of cell-scaﬀold interactions. (a) Morphology of
hPDLSC seeded on the IMC. Large amounts of exposed collagen
component promoted binding of hPDLSCs to the IMC. (b)
Morphology of hPDLSC seeded on the EMC. Microscale HAs
covered the surface of collagen and blocked the interactions between
hPDLSCs and collagen. Pink represents collagen ﬁbrils and yellow
represents mineral HAs.

density of FAPs was observed in the IMC group among three
groups. The reorganization of actin ﬁlaments might derive from
the higher density of FAPs shown on the IMC, as focal
adhesion plays an important role in linking the ECM on the
outside to the actin cytoskeleton on the inside at the cell-matrix
interface.40 Then the actin cytoskeleton organization may
further aﬀect the cell morphology so that hPDLSCs seeded on
the IMC scaﬀold had more cell area and branch points than
those on the EMC.
The highly branched polygonal morphology, actin cytoskeleton reorganization and high expression of FAPs have been
shown to be closely related to the osteogenic diﬀerentiation of
stem cells.28,44 The osteogenic activity of the hPDLSCs was
further evaluated by measuring their mRNA expression levels of
bone-related markers including OPN, COL1A1, and BMP-2.
OPN, a secreted glycophosphoprotein, is believed to play a
crucial role in regulating HA crystal growth in bone
formation.45 Previous studies have proven that the OPN
expression is stimulated when osteoblastic cells are seeded on
type I collagen ﬁbrils.46 As the most abundant extracellular
protein in bone, COLI provides the structural framework for
bone formation. BMP-2 is an important signaling protein in the
process of bone repair.47 The stimulating eﬀect of the IMC on
osteogenic diﬀerentiation of hPDLSCs was further conﬁrmed
by ARS staining. We have proven that the IMC had
nanotopographic and surface chemical characteristics similar
to natural bone. However, how these diﬀerences interfered with
the hPDLSC cell fate remains unclear. On one hand, from the
perspective of topography, the osteoinductive eﬀect of the IMC
might ascribe to its ﬁbrous and rough nanotopography.48 The
ﬂowerlike shape, microscale size, and high crystallinity of HA
particles in the EMC result in lower cell viability and further
osteogenic diﬀerentiation ability.34,35 On the other hand, the
diﬀerences in osteogenic eﬀect among the IMC, EMC, and
COL might be attributed to the chemical interactions between
minerals and collagen. Previous studies have suggested type I
collagen could induce the osteoblastic diﬀerentiation of bone
marrow cells through collagen-α2β1 integrin interaction.49 As
mentioned above, the IMC may enhance the activity of α2β1
integrin, which could in turn promote the osteogenic
diﬀerentiation of hPDLSCs through α2β1 integrin-FAK-ERK
pathway.50

5. CONCLUSION
In sum, the mineralized collagen scaﬀolds exhibit diﬀerent
nanotopography and chemical distribution. The surface
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chemistry of mineralized collagen regulates the hPDLSC fate,
including adhesion, cytoskeletal organization, cell morphology,
growth and osteogenic diﬀerentiation. The intraﬁbrillar
mineralization of collagen provides a niche more like in vivo
bone ECM and shows promising potential for bone tissue
regeneration. Further research is needed to demonstrate the
mechanism of fate changes induced by nanosurface properties
and also the in vivo bone regeneration potential of the IMC.
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